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The tsunami on December 26, 2004, devas-
tated coastal areas in the Indian Ocean re-
gion and resulted in massive mortality and
displacement. The tsunami received signifi-
cant media attention and an enormous inter-
national response, both in terms of financial
aid and humanitarian assistance. Indonesia’s
Aceh province was most affected by the
tsunami because of both its proximity to the
earthquake epicenter and its large coastal
population. Approximately 1 year after the
tsunami, Indonesian government estimates
totaled 129775 deaths, 38 786 missing,
and 504 518 tsunami-displaced persons in
Aceh Province.'

Over the past several decades, natural dis-
asters have become more frequent, and the
populations affected by disasters annually
have been increasing.” The frequency and
impact of natural disasters has led to a need
to improve the understanding of vulnerabil-
ity. Development of methods for the estima-
tion of the numbers of deaths and death
rates and population impacts using data ob-
tained in the postdisaster context offers the
possibility of assessing the impact of disas-
ters in the context of widespread displace-
ment and in the face of often inadequate
demographic data.

Although information on the tsunami-
affected population in Aceh Province is avail-
able from both the Indonesian Bureau of Re-
construction and Recovery (BRR) and the
Indonesian Central Bureau of Statistics, de-
velopment of a methodology to estimate
mortality in the absence of predisaster demo-
graphic information was seen as useful, be-
cause in many natural disasters, particularly
those in less developed countries, accurate
population data are not available for impact
estimation. Currently available data from
BRR and Indonesian Central Bureau of Sta-
tistics, as well as forthcoming findings on
tsunami impact, are useful for comparing the
accuracy of findings from the present study
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Objectives. We aimed to quantify tsunami mortality and compare approaches
to mortality assessment in the emergency context in Aceh, Indonesia, where the
impact of the 2004 tsunami was greatest.

Methods. Mortality was estimated using geographic information systems—based
vulnerability models and demographic methods from surveys of tsunami-
displaced populations.

Results. Tsunami mortality in Aceh as estimated by demographic models was
131066 and was similar to official figures of 128063; however, it was a conserva-
tive estimate of actual mortality and is substantially less than official estimates of
168561 presumed dead, which included those classified as missing. Tsunami im-
pact was greatest in the district of Aceh Jaya, where an estimated 27.0% (n=23862)
of the population perished; Aceh Besar and Banda Aceh were also severely af-
fected, with mortality at 21.0% (n=61650) and 11.5% (n=25903), respectively.
Mortality was estimated at 23.7% for the population at risk and 5.6% overall.

Conclusions. Mortality estimates were derived using methodologies that can be
applied in future disasters when predisaster demographic data are not available.
Models could be useful in the early stages of disaster response by facilitating ge-
ographic targeting and management of humanitarian assistance. (Am J Public

and for assessing goodness-of-fit of models
developed.

The full impact of the 2004 tsunami in
Aceh Province, in terms of lives lost, may
never be completely measured; however,
there is clear evidence of differential impact
by both age and gender, where children,
older adults, and women were disproportion-
ately affected. In an instantaneous hazard,
such as an earthquake or a tsunami, it might
be expected that deaths would occur more
uniformly than in other disasters, such as
droughts, which result in food insecurity and
famine, mortality differentials within the pop-
ulation would be expected as a result of a va-
riety of selection factors that play out over
time. The continued development of mortality
estimation methods can provide insight for
impact estimation in future disasters where
population data and resources are scarce.

We sought to estimate the mortality impact
of the 2004 tsunami in Aceh Province, In-
donesia, using data from surveys of the
tsunami-displaced population and vulnerability
models that were developed after the disaster.
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METHODS

In January and February 2005, Johns
Hopkins School of Public Health and Mercy
Corps conducted an assessment of tsunami
impact, needs, and resettlement intentions
of displaced populations in the districts of
Nagan Raya and Aceh Barat. The assess-
ment also included information on mortal-
ity. Between March and August 2005, 3 ad-
ditional surveys, which also incorporated
household mortality, of tsunami-displaced
populations in 7 other districts were con-
ducted. Mortality rates from the 4 surveys
were combined with community-level infor-
mation and a vulnerability model developed
by the Center for International Earth Sci-
ences Information Network at Columbia
University in New York City to estimate and
map tsunami mortality in Aceh Province,
compare model outcomes with official mor-
tality figures, and provide recommendations
for how disaster assessments can be carried
out using only postdisaster demographic
information.
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Mortality Models

Model results were compared with each an-
other and with mortality estimates as reported
by the Indonesian government to identify the
model with the most plausible findings. Two
methodologies were considered: (1) application
of mortality rates to the pretsunami population
at risk, which was developed based on a vul-
nerability model overlaid on spatially distrib-
uted demographic data (described later) and
other available demographic data, which cate-
gorized communities as affected,’ and (2) a
model where mortality was derived from the
tsunami-displaced population as reported by
district authorities, the Humanitarian Informa-
tion Centre, the United Nations Information
Management Service (UNIMS), and BRR.!
Both methods used a similar set of assumptions
and calculations, including the application of
region-specific mortality rates determined in
population-based surveys and a correction to
account for survivor bias; the primary differ-
ence between the models was the source and
type of population data.

The model that calculated mortality based
on estimates of the surviving displaced popu-
lation produced estimates that best approxi-
mated official mortality figures. Only the
model based on the surviving displaced popu-
lation is described in the “Methods” and “Re-
sults” sections; however, limitations of the
model based on the pretsunami population at
risk are presented in the Discussion. Mortality
rates were obtained from 4 surveys of
tsunami-displaced populations that were con-
ducted between February and August 2005
(Figure 1). All of the surveys used a 20-cluster
design, used probability proportional to size
sampling, and surveyed approximately 400
households (see Doocy4 for a detailed de-
scription of survey methodologies). The com-
bined survey population encompassed a total
of 1653 tsunami-displaced households with a
pretsunami population of 9635 individuals.

Vulnerability Mapping

Environmental factors of vulnerability in
the disaster context include physiogeographic
features, which serve as a background for
natural hazards.>® These parameters were
used in geographic information systems
(GIS)—based spatial modeling to produce an
environmental vulnerability index based on
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FIGURE 1-Tsunami-affected areas of
Aceh Province, Indonesia, and survey
regions: 2004.

vulnerability along coastal areas of the north-
ern Sumatra peninsula.” Standard GIS extrac-
tion and analysis techniques were applied to
terrain data from the Shuttle Radar Topo-
graphic Mission global data set (sites contain-
ing Shuttle Radar Topographic Mission data
include ftp://eOsrpO1u.ecs.nasa.gov and
http://seamless.usgs.gov)."

The spatial model of the environmental
vulnerability index was based on the follow-
ing characteristics: aspect greater than 180°,
which reflects the orientation of the coastline
to the tsunami epicenter; slope less than 15°,
which affects wave characteristics including
height and inland distance; elevation less
than 10 m, which reflects the area most likely
to be affected by the tsunami; and maximum
inundation depth=4 km, which served to
limit the area at risk within a 4-km distance
of the coastline. Figure 2 shows an elevation
map of Aceh province overlaid with “areas at
risk” identified in the model, which are repre-
sented by the shaded areas on the coastline.

Spatially distributed population data from
the Global Rural Urban Mapping Project
and “areas at risk” identified in GIS-based
vulnerability models were aggregated by dis-
trict to produce the density of the population
at risk, and an environmental vulnerability
indicator was constructed to represent the
severity of impact of the tsunami based on
environmental conditions. The following
equation was constructed to estimate the

environmental vulnerability index: (popula-
tion at risk divided by area at risk) multiplied
by coastline length (units are expressed as pop-
ulation at risk per unit meter of the coastline),
which was compared with mortality estimates.
To express the influence of the orientation of
the shoreline in relation to tsunami epicenter,
negative values were assigned to the coastline
lengths within O to 180° of aspect, and positive
values were assigned to the coastline lengths
with orientation greater than 180°.

RESULTS

Mortality Models

Tsunami deaths estimated by the model
using displaced populations were similar to
low-end mortality estimates reported by the
United Nations and the Indonesian govern-
ment.! The model is presented in Table 1
and illustrates the displaced population (as
estimated by the United Nations or other
sources), survey mortality rates, unadjusted
mortality, survivor bias mortality, and esti-
mates of population at risk and tsunami mor-
tality by district; tsunami mortality figures
as reported by UNIMS and BRR are also
presented for comparative purposes. Total
tsunami mortality was estimated at 131 066,
with 61 827 (47.2%) deaths among males
and 69239 (52.8%) deaths among females.

It should be noted that mortality rates from
survey data are based on a dichotomous clas-
sification of survived versus presumed dead.
The presumed dead category incorporates
known deaths, as well as individuals who
were reported as missing. The BRR mortality
estimates presented in Table 1 represent only
individuals known to be dead and exclude
estimates of the missing. Mortality among
households that were not displaced is ex-
cluded as a result of survivor bias and the
survey population (tsunami-displaced house-
holds only). The subsequent model did not
seek to predict mortality among populations
that were not displaced.

Mortality rates are presented for the survey
population, the population at risk, and the
district in Table 2. Survey population mortal-
ity rates represent mortality among displaced
households with at least 1 surviving member.
Mortality rates for the population at risk ac-
count for survivor bias and are indicative of
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mortality among displaced households and
those households with no survivors. District
mortality rates are estimates for the entire ad-
ministrative unit and use the pretsunami dis-
trict population (i.e., unaffected inland popula-
tions are incorporated in the denominator).

Vulnerability Mapping

The GIS-based vulnerability model was
compared with district mortality estimates.
Correlation between the environmental vul-
nerability index and mortality estimates pro-
duced a satisfactory result with r*=0.55
(Figure 3). The environmental vulnerability
index ranged from 38 to 36; 3 provinces on
the northern shore—Bireuen, Pidie, and Aceh
Utara—produce the negative values because
of the orientation of the coastline (opposite
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FIGURE 2—Areas at risk for tsunami impact based on geographic information systems and
vulnerability model: Aceh Province, Indonesia, 2004.

to the propagation of tsunami wave). These
provinces have the lowest environmental
vulnerability index values, and a small part of
the Aceh Besar coastline also has similar con-
ditions; however, this analysis was conducted
only at the district level. Aceh Jaya was the

1 outlier that had very high estimated popula-
tion mortality and a relatively low environ-
mental vulnerability index.

DISCUSSION

In the case of Aceh, mortality estimates
based on the tsunami-displaced population
were more accurate than estimates based
on the size of the population at risk; conse-
quently, models using displaced population
estimates were used. The mortality survey

and the subsequent mortality model encom-
passed a region that included 97.5% of re-
ported tsunami deaths in Aceh'; thus, the
model incorporated an area where the vast
majority of mortality occurred. Estimated
model mortality (131 066) for the survey
area was similar to mortality as reported by
BRR (128 063); however, it was a conserva-
tive estimate. Model mortality was based on
a classification of presumed dead where indi-
viduals reported as dead or missing were clas-
sified as dead; when official UNIMS and BRR
figures of dead and missing were combined,
official estimates of tsunami mortality were
as high as 168 561. Based on this overall esti-
mate of mortality, it appears that the model
may underestimate total mortality, and the
primary reason identified for underestimation
is that the model did not account for mortal-
ity among households that were not displaced
(see “Limitations” section).

In most districts, model mortality estimates
were relatively similar to but greater than
mortality as reported by UNIMS and BRR
(exceptions include Banda Aceh, Aceh Besar,
and Bireuen). Aceh Jaya was the only district
where the model mortality differed substan-
tially from official figures: the model mortality
estimate was 23 862 as compared with
UNIMS and BRR estimates of 16 797 dead
and 77 missing (16 874 presumed dead). Offi-
cial mortality estimates for Aceh Jaya have
been criticized previously as low, and mortal-
ity rates of up to 66% for coastal communi-
ties have been suggested.”® Modeling of mor-
tality in Aceh Jaya was particularly difficult
for the following reasons: (1) it was the most
affected district, (2) there is relatively little
information available as compared with other
districts, and (3) survivor bias estimations ac-
count for a large proportion of mortality, and
these estimates are made with less certainty
than those derived from survey-based mortal-
ity rates (see “Limitations”).

Mortality rates among the survey popula-
tion in Banda Aceh, Aceh Besar, and Aceh
Jaya were substantially greater than among
other districts and ranged from 22.0% to
23.6%. Survey population mortality rates in
the districts of Aceh Barat and Nagan Raya
were moderate, 16.1% and 10.2%, respec-
tively, and lower mortality was observed
on the east coast where survey population
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TABLE 1—Populations at Risk and Mortality Estimates for the 2004 Tsunami: Aceh Province, Indonesia

Unadjusted Mortality

Accounting for Survivor Bias

Surviving Unadjusted Unadjusted ~ Household Estimated Additional Model Model BRR
Displaced Mortality Population Mortality Mortality Households Individual Population Estimated Reported
District Population,’no.  Rate, %" at Risk, no. Estimate, no. Rate, %" Lost, no. Mortality,no.  at Risk,no. ~ Mortality, no. ~ Mortality, no.
Nagan Raya 11814 10.2 13019 1328 22 49 284 13303 1612 1077
Aceh Barat 47325 16.1 54944 8846 5.8 553 3210 58154 12056 10874
Aceh Jaya 32611 23.6 40307 9512 35.6 2474 14349 54657 23862 16797
Aceh Besar 146 307 23.6 180835 42671 10.5 3211 18973 199809 61650 92166
Banda Aceh 67402 22.0 82230 18091 9.5 1347 7812 90042 25903
Pidie 42634 6.1 45235 2759 NA NA NA 45235 2759 4401
Bireuen 34583 2.8 35551 995 NA NA NA 35551 995 461
Aceh Utara and Lhoksumawe 50927 42 53066 2229 NA NA NA 53066 2229 2098
Total survey area 433603 23.7 505251 86174 10.1 43783 7549 549033 131066 128063

TABLE 2—2004 Tsunami Mortality Rates by Population Type: Aceh Province, Indonesia

Note. BRR = Bureau Reconstruction and Recovery; UNIMS = United Nations Information Management System; NA=Data not available, because overall mortality on the east coast was low. On the
basis of anecdotal reports and the regression model, which also placed household mortality at zero, no adjustments for survivor bias were made.

“From Humanitarian Information Centre or UNIMS or BRR displaced population estimates.
®Surviving proportion of exposed population from surveys of displaced populations.

“From regression equations derived from Mercy Corps village profile data.

YCalculated by multiplying the estimated number of households lost by average pretsunami household size from displaced-population survey data.

Survey Population Population at Risk District Mortality
Aceh Province District Mortality Rate, % Mortality Rate, % Rate, %
Nagan Raya 10.2 12.1 1.3
Aceh Barat 16.1 20.7 8.1
Aceh Jaya 23.6 43.7 27.2
Aceh Besar 23.6 30.9 21.0
Banda Aceh 22.0 28.8 115
Pidie 6.1 6.1 0.6
Bireuen 2.8 2.8 0.3
Aceh Utara/Lhoksumawe 4.2 4.2 0.4
Survey Area’ 14.1 23.7 5.6

*Weighted rates.

mortality rates ranged from 2.8% to 6.1% in
the districts of Pidie, Bireuen, Lhoksumawe,
and Aceh Utara. The impact of the tsunami,
in terms of numbers that perished, was great-
est in the district of Aceh Besar, where the
model estimated mortality at 61 650.

When relative impact is assessed in terms
of mortality among the population at risk
within the district, Aceh Jaya was clearly the
most impacted, with a rate 43.7%, followed
by Aceh Besar (30.9%) and Banda Aceh
(28.8%). After the trend observed in survey
population mortality rates, estimated mortality
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among the population at risk was intermedi-
ate for Meulaboh area districts (Aceh Barat

and Nagan Raya) and relatively low for east
coast districts (Pidie, Bireuen, Lhoksumawe,
and Aceh Utara).

When assessing district-level mortality
rates, the impact on Aceh Jaya was clearly
the greatest, with an estimated district mor-
tality rate of 27.1%. This finding was not
surprising, considering the geography of the
region where the district is largely mountain-
ous and communities were concentrated
along the coastline. Other districts with

relatively high impact included Aceh Besar,
Banda Aceh, and Aceh Barat, where district
mortality rates were estimated at 21.0%,
11.5%, and 8.1%, respectively. In the re-
maining districts of Nagan Raya, Pidie,
Bireuen, Lhoksumawe, and Aceh Utara,
district mortality rates were estimated at less
than 2% of the total pretsunami population,
suggesting that tsunami impact was substan-
tial but relatively low in comparison with the
most affected districts.

Limitations

Mortality among households that were not
displaced is not accounted for in the survey-
based mortality model. Consequently, mortal-
ity estimates were likely to underestimate
actual mortality because deaths among indi-
viduals in households that were not displaced
were excluded. Model-estimated mortality
was similar to official mortality figures; how-
ever, when compared with those reported as
dead or missing, model mortality estimates
were low. In future mortality assessments,
incorporation of affected but nondisplaced
populations would help to characterize impact
among this group and provide more inclusive
mortality estimates.

Another limitation encountered in the
model was with the estimation of tsunami
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impact in Aceh Jaya. Relatively little informa-
tion was available for Aceh Jaya in compari-
son with other districts; however, it was
clearly the most devastated. Because of the
high overall mortality in the district, the im-
pact of survivor bias on model estimates was
particularly large. However, without an inde-
pendent (i.e., nonsurvey) point estimate for
individual mortality, survivor bias could not
be estimated. As a result, survivor bias and
model mortality were somewhat dependent
on external mortality estimates. The regres-
sion equations used to predict the numbers of
households lost were based on community
data in 3 districts adjacent to Aceh Jaya but
not Aceh Jaya itself. Although only the most
severely impacted communities were used in
the regression model to account for the de-
gree of impact in Aceh Jaya, it is possible that
these equations did not accurately represent
the individual-to-household mortality ratio in
Aceh Jaya, because they derived from sur-
rounding districts with lesser tsunami impact.
The principal limitations of GIS methodolo-
gies are spatial incompatibilities of scale and
resolution between various GIS layers, in this
case, population data and topographic attrib-
utes associated with tsunami-affected areas.
An increasing number of global and regional
data sets with moderate and high resolutions
are available, but demographic data need to
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FIGURE 3—The relationship between the vulnerability model and the 2004 tsunami mortality:

be more compatible with topographic data
layers. Furthermore, cross-validating newly
constructed geographies with traditional
“ground-truthing” techniques (including esti-
mating uncertainty associated with original
data collection) are hard to use in the context
of rapid response. Use of the highest-resolu-
tion commercial satellite imagery (QuickBird
[Digital Globe, Longmont, Colo] or Tkonos
[Land Info, Highlands Ranch, Colo]), how-
ever, may (depending on availability) fill in
where ground-based knowledge cannot, al-
though acquisition of these data, particularly
over a large region, can be quite expensive
and require additional expertise to process
and interpret. A final limitation relates to the
absence (in many cases) of comprehensive
documentation and metadata from original
data sets that can be used for analysis and
spatial modeling. There is no substitute for
good documentation of secondary data
sources.

Lastly, we sought to assess the immediate
mortality impact of the tsunami, but in large-
scale natural disasters, the economic and liv-
ing conditions of vulnerable populations can
be affected over a period of years, and deteri-
orations in infrastructure and economic status,
among other things, are likely to contribute to
mortality over an extended time period that is
ultimately associated with the natural disaster.

Additional research on the long-term effects
of the tsunami on demography, in particular,
fertility and mortality, of the Acehenese popu-
lation would provide insight into the pro-
longed effects of natural disasters.

Conclusions

Quantifying mortality from natural disas-
ters is important for planning and resource al-
location in the postdisaster context; in addi-
tion, understanding disaster impact and risk
factors for mortality can aid in anticipating
the consequences of future disasters and in
developing risk reduction strategies. In devel-
oping mortality estimates, the importance of
baseline data, or denominators for mortality
rates, cannot be underestimated and is a pri-
mary constraint in the postdisaster context.
Another complication is that basic demo-
graphic techniques for indirect mortality esti-
mation are not ideal when there are no sur-
vivors (i.e., entire households perish), because
mortality among the hardest-hit segment of
the population may be overlooked or under-
estimated. New methods, which encompass
data from multiple levels and sources and
use varied approaches to assess the agree-
ment of estimates, are necessary to ade-
quately quantify mortality in high-impact
disasters, such as the Asian tsunami.

The use of GIS models with environmental
variables coupled with predisaster population
estimates can create a map of the spatial dis-
tribution of populations at risk and expected
mortality. This can be done immediately after
the disaster and be used for both operational
activities of humanitarian agencies in immedi-
ate disaster response and planning of postdis-
aster assessments. Demographic surveys of
disaster-affected populations that are planned
based on GIS models may provide more ac-
curate estimates of mortality because of im-
proved sampling capabilities. Our methods
included GIS-based vulnerability models, a
population-based survey of surviving house-
holds, and mortality estimation from survey
data in combination with information re-
ported from local authorities. Although
agreement of mortality estimates was ob-
served, integration of multiple methods and
improvement in the use of rapidly available
GIS-based information in field assessments
and the early stages of disaster response
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could improve the quality of postdisaster
assessment and planning and the provision
of humanitarian assistance in future natural
disasters. W
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